Background: Cushing's syndrome (CS) is characterized by an excessive secretion of glucocorticoids that results in a characteristic clinical phenotype. One feature of clinical hypercortisolism is breakdown of protein metabolism translating into clinical consequences including glucocorticoid-induced myopathy. While surgery is effective in control of cortisol excess, the effect of biochemical remission on muscular function is yet unclear. Methods: In a cross-sectional study we analyzed 47 patients with CS during the florid phase (ActiveCS). 149 additional patients were studied 2-53 years (mean: 13 years) after surgery in biochemical long-term remission (RemissionCS). Also, 93 rule-out CS patients were used as controls (CON). All subjects were assessed for grip strength using a hand grip dynamometer and underwent the chair rising test (CRT). Results: Hand grip strength (85% vs 97% of norm, P = 0.002) and the CRT performance (9.5 s vs 7.1 s, P = 0.001) were significantly lower in ActiveCS compared to the CON group. Six months after treatment grip strength further decreased in CS (P = 0.002) and CRT performance remained impaired. The RemissionCS group (mean follow-up 13 years) had reduced hand grip strength (92% compared to normal reference values for dominant hand, P < 0.001). The chair rising test performance was at 9.0 s and not significantly different from the ActiveCS group (P = 0.45). Conclusion: CS affects muscle strength in the acute phase, but functional impairment remains detectable also during long-term follow-up despite biochemical remission.
Introduction
Endogenous Cushing's syndrome (CS) is a rare disease with devastating metabolic, cardiovascular, psychiatric and musculoskeletal consequences. Hypercortisolism associated myopathy resulting in muscle weakness is one of the characteristic clinical features of CS which has been studied so far in small series of patients using electromyography, histology, imaging and functional testing (1, 2, 3, 4, 5) . Muscle weakness has been reported to be present in 40-70% of patients with florid CS (6, 7) and it appears to be more pronounced in females (8) . The most commonly impaired part of the body is the proximal musculature of the lower limbs. Accordingly, patients typically complain about the inability to get up from a squatting position or to climb stairs whereas running or walking is less frequently affected (9) .
Despite these well-characterized clinical features, the long-term prognosis of Cushing associated myopathy is not known. Therefore, we analyzed the outcome of
Patients and methods

Patients
We performed a multicenter cross-sectional study (as part of the German Cushing's Registry) analyzing 196 adult CS patients (47 with active Cushing's syndrome, 149 patients 2-53 years (mean: 13 years) after successful surgery) from the centers in Munich (Ludwig-Maximilians-Universität München (LMU, n = 129) and Max Planck Institute of Psychiatry (MPI, n = 26)), University of Würzburg (n = 23), and Endocrinology in Charlottenburg, Berlin (n = 18). Additionally, ninety-three control subjects (CON) were recruited at the LMU. Details on the German Cushing's Registry have been described recently (10) . Diagnosis of CS and subtype differentiation was established according to current guidelines (11, 12) . Patients with subclinical hypercortisolism defined by the absence of typical signs/ symptoms of CS in the presence of abnormal biochemical test results for hypercortisolism were excluded from the current analysis.
We studied 47 patients with active CS (ActiveCS) recruited between 2013 and 2015 mainly at LMU. The ActiveCS group consisted of 33 patients with Cushing's disease (CD), 10 patients with adrenal CS and 4 patients with ectopic CS.
Short-term follow-up data was available in nineteen of the 47 prospective patients with ActiveCS (13 patients with CD, 5 with adrenal CS and 1 with ectopic CS). They were re-assessed on average 6.5 ± 1.3 months after successful surgery inducing biochemical remission. Remission was defined as postoperative adrenal insufficiency requiring glucocorticoid replacement therapy as recently described (13) . The hydrocortisone dose during the first months after surgery was individually adjusted according to the maximal tolerable level of glucocorticoid withdrawal symptoms without concomitant gastrointestinal complaints. If required, patients also received vitamin D supplementation after surgery.
We studied 149 patients (82% female) with CS 2-53 years after successful surgery for CS (RemissionCS). All subjects had to be at least 2 years in biochemical and also in clinical remission after 2 years. Remission of CS was defined by tertiary adrenal insufficiency requiring hydrocortisone replacement therapy or by normal biochemical screening tests (24 h urinary free cortisol (UFC), 23:00 h salivary cortisol and a 1 mg dexamethasone suppression test). Patients receiving adrenostatic therapy or radiotherapy were excluded from analysis. Clinical remission was defined by the absence of Cushing stigmata e.g. buffalo hump, moon face, livid discoloration of striae. Mean remission time, defined by the day of successful treatment until the day of examination, was 13.0 ± 10 years and the mean age at clinical examination was 54.5 ± 12.7 years (25-80 years). The RemissionCS group consisted of 95 patients with CD, 38 patients with adrenal CS and 16 patients with ectopic CS.
The control group (CON) was recruited in parallel between 2013 and 2015 at LMU and consisted of 93 patients referred with suspicion of CS which was subsequently ruled out by repeated biochemical assessment and clinical follow-up after 3-12 months. All patients underwent determination of UFC, 23:00 h salivary cortisol and a 1 mg dexamethasone suppression test initially and after a follow-up of 3-6 months. The clinical characteristics and laboratory parameters of ActiveCS and CON are shown in Table 1 .
All patients and controls gave written informed consent. The protocol was approved by the ethics committee of the participating centers.
Muscle strength measurements
Grip strength was measured three times on both hands in a standardized fashion with a JAMAR dynamometer (Patterson Medical, Nottinghamshire, UK) as specified by the manufacturer. The average of the three measurements was calculated. The hand with the higher performance in the initial evaluation was defined as the dominant hand for initial and follow-up examinations. Grip strength was then standardized to age and gender according to the manufacturer's information ('normalized grip strength'). Limbs with known muscle dysfunction (e.g. due to stroke or intracerebral hemorrhage) were excluded from analysis.
The chair rising test was performed as described in (14) by rising from a sitting position from a chair of 45 cm height as fast as possible. Five repetitions at maximum speed were performed starting while the patient was seated and ending while standing. Patients kept arms crossed over their chest while performing the chair rising test and raised until full knee and hip extension. The read-out was the time (s) needed to execute this task, with higher numbers indicating more severe muscle impairment.
Estimation of muscle mass
Body cell mass comparable to muscle mass and body fat mass was estimated by using a bio impedance measuring device at 50 kHz with 400 µA by Data Input (Poecking, Germany) according to the manufacturer's information. Absolute muscle mass is the estimated weight of muscle in kg according to bio impedance measurements. Relative muscle mass is the absolute muscle mass divided by whole body weight.
Laboratory testing
Measurement of serum cortisol and plasma ACTH was performed with Solid Phase Antigen linked Technique (Cortisol, SPALT, Liaison, DiaSorin, Saluggia, Italy) and chemiluminescence immuno-assay (ACTH, CLIA, Liaison, DiaSorin). Within-and between-assay coefficients of variation were below 5 and 7% (Cortisol) and below 13% (ACTH) respectively. Urinary cortisol measurement was performed with chemiluminescence immunoassay (ADVIA Centaur, Siemens) with within-and between-assay coefficients variations below 7%. Salivary cortisol was measured by a luminescence immunoassay (Cortisol LIA, IBL, Hamburg, Germany) with within-and between-assay coefficients variations below 9% and 6%. The last laboratory values before surgery were used for statistical analysis.
Statistical analysis
Comparison of ActiveCS and CON was done using unpaired t-test. For multi-factorial testing ANOVA was used in normally distributed variables. In nonnormally distributed variables the Mann-Whitney U test was performed. The Kolmogorov-Smirnov test and the Shapiro-Wilk test were applied to test for Gaussian distribution. For small sample sizes Fisher's exact test was applied for comparison of ActiveCS and RemissionCS regarding inability to perform the chair rising test. Multiple regression analysis was performed to investigate factors associated with the chair rising test performance. Data of muscle strength before successful treatment and 6 months afterward were analyzed by paired t-test in normally distributed values. For correlations the Pearson correlation coefficient was calculated. Case-control matching was performed by propensity score matching (15) . All statistical analyses were performed using SPSS Statistics 20 (IBM), R Version 2.12.0 (R Foundation for Statistical Computing, Vienna, Austria (16) 
Results
Muscle function in patients with active Cushing's syndrome
Grip strength was tested in 47 ActiveCS patients and in 93 CON. Grip strength was analyzed with respect to hand side, handedness and corrected for gender and age. ActiveCS patients showed significantly lower grip strength than CON. They showed 84% vs 98% (P = 0.002) of age and gender corrected grip strength on the non-dominant hand ( Table 2) . Patients with ectopic CS were hereby the most severely affected with a mean grip strength of 67% of norm (P = 0.007) whereas patients with adrenal CS were not significantly affected (P = 0.79). Patients with pituitary CS had a significant reduction to 82% (P = 0.002) on the non-dominant hand ( Fig. 1A and B) . Normalized grip strength of the total cohort or of the subgroup of CD patients did not correlate with the biochemical parameters of disease activity listed in Table 1 , e.g. urinary cortisol (n = 37, r = 0.02, P = 0.926).
Patients with ActiveCS had a significantly prolonged chair rising test (P = 0.001) compared to CON (9.5 vs 7.1 s; Fig. 2A , B and Table 2 ). Similar to grip strength the average chair rising test time was worst in patients with ectopic CS with a mean of 11.0 s (P = 0.011) compared to 10.8 s and 9.0 s in adrenal CS and CD ( Fig. 1C and Table 2 ). There was no significant gender difference in test performance. By applying multiple linear regression analysis to the total cohort (ActiveCS and CON), diagnosis of CS (P < 0.001) and age (P < 0.001) contributed to the performance of the chair rising test (Fig. 3 , Supplementary Table 1 , see section on supplementary data given at the end of this article), but not gender (P = 0.11) and BMI (P = 0.09). Within the ActiveCS group performance in chair rising test was not associated with age (P = 0.08), gender (P = 0.60) or BMI (P = 0.25) (Supplementary Table 2 ). Chair rising test performance remained significantly impaired compared to CON using a case-control approach matching for age, sex and BMI (n = 35, P = 0.001, Supplementary Table 3) .
Short-term follow-up of muscle function after successful therapy of CS
Tests of muscle function were repeated in 19 patients with ActiveCS on average 6.5 months after successful surgery. Remission of CS was associated with a mean weight loss of 11.2 ± 7.6 kg (P < 0.001) and a reduction of BMI from 31.1 to 26.7 kg/m 2 (P < 0.001, Fig. 4A ). The relative fat mass dropped from 35% to 29% (P < 0.001). Muscle cell mass measured by bio impedance also declined from 25.6 kg to 24.0 kg without reaching statistical significance (P = 0.062) while relative muscle mass increased from 31% to 33% (P = 0.011, Fig. 4D , n = 17). Normalized hand grip strength decreased by 22% on the dominant hand (P = 0.002), whereas chair rising test showed a non-significant improvement from 10.3 to 8.4 s (P = 0.09, Fig. 4B and C). Six months after treatment the test could not be performed in three patients due to back and knee pain. In Table 2 Tests on muscle function in patients with ActiveCS and in CON (control group), mean values are given. Patients with adrenal CS needed significant more hydrocortisone (P = 0.03), but the daily hydrocortisone dose per BMI (P = 0.16) and per weight in kg (P = 0.40) was not significantly different.
The relative reduction in normalized grip strength was not related to subtype (P = 0.37), gender (P = 0.15) or initial biochemical parameters. The function of thyroid gland and bone parameters as possible co-factors influencing muscle function showed no differences before and after treatment (Supplementary Table 4 ).
Long-term muscle function in CS patients in remission
Grip strength was tested in 149 RemissionCS patients at least two years after successful treatment. The age and gender corrected hand grip strength of RemissionCS overall was significantly lower in comparison to normal reference values (92% for dominant hand, P < 0.001, Supplementary Table 5 ). There were no significant differences between subtypes of CS, gender and time since successful treatment or the participating centers (P = 0.71, P = 0.99, P = 0.23 and P = 0.86 respectively, for the dominant hand, Supplementary Table 6 ). Age and gender corrected grip strength and chair rising test were negatively correlated (n = 138, r = −0.262, P = 0.002).
The total cohort of RemissionCS patients performed the chair rising test in a mean time of 9.0 s. The percentage of patients unable to perform the test was lower in RemissionCS than in ActiveCS (7% vs 13% in ActiveCS, P = 0.16). There was no correlation between chair rising test performance and time elapsed since successful treatment (P = 0.18). To exclude a bias introduced by major differences in age, sex and BMI between patients with RemissionCS and the CON group we performed a propensity score matching between groups. This resulted in 46 matched pairs. Similar to the unmatched cohorts matched RemissionCS performed significantly poorer in the chair rising test than CON (P = 0.016, Supplementary Table 7 ). Chair rising performance was similar in the ActiveCS group, both in an unmatched (P = 0.45; Fig. 2B and C) and matched approach (n = 29, P = 0.69, Supplementary Table 8 ). 50% of RemissionCS (n = 149) were on hydrocortisone replacement therapy at examination. We did not find significant differences between patients with and without hydrocortisone replacement therapy (P = 0.53 for grip strength of dominant hand; P = 0.53 for chair rising). The mean hydrocortisone replacement dose was 22 ± 6 mg at last follow-up. There was no correlation between hydrocortisone dose and muscle strength (chair rising P = 0.55, n = 43; age and gender corrected grip strength of dominant hand P = 0.63, n = 47). All patients were in clinical and biochemical remission.
A complete status of pituitary hormonal insufficiency was known in 67 of 95 patients with CD. Eighteen of the patients (27%) had documented growth hormone deficiency accompanied by other pituitary insufficiencies, and 5 received GH replacement therapy (Supplementary Table 9 ). Patients receiving growth hormone replacement therapy had the lowest performance in grip strength (age and sex corrected grip strength of dominant hand, P = 0.039 vs RemissionCS without hypopituitarism) and a similar chair rising test excluding a major beneficial effect of growth hormone replacement therapy in this small group (Supplementary  Table 10 ). Similar analysis regarding thyrotropic and gonadotropic axis did not show significant differences between patients with insufficiency with and without substitution in comparison to patients without insufficiency.
Discussion
This is the first study that systematically analyzes grip strength and proximal muscle function with the chair rising test in a large cohort of patients with endogenous CS. We here showed that patients with active CS have severe impairment of muscle strength compared to obese controls. Specifically, in particular 30% of ActiveCS presented with a grip strength performance at least one s.d. below that of the control group and 50% performed the chair rising test above the 75th percentile of the control group. More importantly, our data suggest that muscle function remains impaired short-term (6-8 months) and long-term (>2 years) after achieving biochemical remission of hypercortisolism. As a consequence muscle function can be regarded as another feature of CS that is impaired in the long-term as it is known for cognitive function (17) . These results emphasize the need for further studies clarifying the mechanisms by which muscle function remains impaired and investigating the impact of exercise on muscle function. An Italian multicenter study evaluated gender differences in clinical presentation in 280 patients with CD (233 females, 47 males) (8) . This study reported a higher prevalence of impaired muscle function in males compared to females (64% vs 45%, P < 0.05). Thereby, these findings are in contrast to our cohort of ActiveCS patients which showed similar rates of impaired muscle function between both sexes. One reason for the difference might be the retrospective collection of data from patient charts in the Italian investigation.
Another interesting feature of our study is the difference in muscle function according to subtypes of CS. As one would expect, patients with ectopic CS had the most severe cortisol excess compared to other subtypes. Accordingly, this group had the lowest grip strength and lowest chair rising test performance although we did not find a correlation between cortisol levels and grip strength in the whole Cushing cohort. Glucocorticoids are known to change muscle fiber composition and muscle strength with a loss of strong and fast contracting type II fibers already after a short time of glucocorticoid treatment (18, 19) . Thereby, it can be hypothesized that the loss of grip strength and chair rising test performance might be due to this effect. Why the distribution pattern of muscle strength is different between subtypes of Cushing's syndrome remains unclear.
Muscle wasting in endogenous or exogenous CS is a well-known clinical feature which has already been mentioned in early reports from the late 1950s (1) . Functional studies were focused on electromyography (1, 2, 3), imaging (20, 21, 22, 23) and muscle biopsy (2, 24) . Steroid induced myopathy is characterized by a decrease in muscle fiber conduction velocity on electromyography (3) and histology reveals an atrophy of type IIa muscle fibers (2) . The latter implies that the impairment of muscle function is more on fast power than on slow continuous contraction making tests like grip strength and chair rising more reasonable. Grip strength and chair rising test before and six months following successful intervention in ActiveCS patients (n = 19); muscle mass was estimated by bio impedance measurements (n = 17). A paired t-test was used for comparison between groups; P < 0.05 was considered statistical significant. (25) . The authors showed that this improvement was paralleled by an increase in relative muscle mass. We found a decrease in fat mass and a similar increase in relative muscle mass (as assessed by bio impedance), but not in absolute muscle mass. However, we could not confirm improved lower limb function using the chair rising test.
The reason why grip strength of the upper limb remains severely affected and even decreases after achieving remission of CS remains unclear. While this observation is of clinical significance, the underlying pathophysiology is likely to be multi-factorial. Anabolic factors, such as growth hormone and sex hormones which are known to influence myopathy (26) are often suppressed in florid CS (27, 28) . These might only slowly recover after successful surgical correction of cortisol excess and might contribute to the deterioration of muscle function (27, 29, 30) . Regarding growth hormone secretion, pre-and postoperative somatotropic insufficiency might contribute to the observed effect and animal models showed that IGF-1 administration can prevent muscle fiber loss induced by glucocorticoid treatment (31) . Additionally, a study in men by Johannsson et al. showed an increase in isometric knee extensor strength in long-term remission patients with somatotropic insufficiency under growth hormone replacement therapy (32) . However, we did not observe a trend toward normalization of muscle function in a very small sub-cohort of patients receiving growth hormone treatment or other replacement therapy. Therefore this data should be interpreted with caution.
Another important reason for decrease of muscle strength after successful treatment might be the glucocorticoid withdrawal syndrome. It is a prevalent condition after successful therapy that is associated with arthralgia and myalgia which might impair regular physical exercise. Although these symptoms rarely last longer than one year (33) , the accompanying general lack of energy could further aggravate and sustain muscle wasting. Furthermore some individual improvements in this group could be due to muscle exercises on individual initiative. It is therefore likely that the first year following treatment of CS is of particular importance for regaining long-term muscle strength.
The persisting muscle weakness observed in our cohort cured from CS for more than 2 years (mean: 13 years) is rather unexpected. Despite correction for age and gender, grip strength and chair rising test performance remained altered suggesting a long lasting effect of glucocorticoids on muscle function. In the light of rodent steroidmyopathy models and muscle biopsies, showing not hypotrophy, but also atrophy of type IIa muscle fibers following steroid treatment (34), one could assume an irretrievable loss of muscle that can be measured for many years after active CS. We did not observe lower muscle function in patients receiving glucocorticoid replacement, and impaired muscle performance tests were not associated with higher replacement doses, excluding a major effect of glucocorticoid replacement per se.
The results of this study have implication beyond muscle function. The performance in tests for muscle strength is a predictor of morbidity and mortality in the general population. Grip strength measured by a dynamometer has shown to be a predictor of all-cause death, cardiovascular death and cardiovascular disease in the PURE study with about 140 000 participants of 17 countries (35) . The authors mentioned that grip strength was a better predictor of all-cause death than systolic blood pressure (36) . Mid-life muscle strength (assessment at 56-68 years) was also shown to be a predictor of longevity (37) . As our cohort of RemissionCS was assessed at a mean age of 55 years, there is a striking parallelism and there are still contradictory statements on mortality in treated CS patients (38) .
In summary, muscle weakness appears to be an important feature of CS not only during the active phase but also on long-term follow-up. We hypothesize potential associations with an adverse long-time outcome such as mortality (38) although as in grip strength the underlying mechanisms are yet unclear (35) . The aim should be to prevent a further decline in muscular function after diagnosis of CS. Although there are promising medical treatments for sarcopenia evolving, drugs for augmentation of muscle function eligible for this purpose are not available yet and physical exercise is currently the only treatment (39) . Animal experiments on steroid myopathy propose moderate exercise to be more suitable than high-intensity exercise to prevent further deterioration of muscle fiber composition during steroid treatment (40) . Whether specific physical training before and in the aftermath of successful surgery could improve long-term outcomes has to be addressed by randomized interventional trials.
Limitations and strength of our study
As we do not have full data on IGF-1-levels of patients we cannot rule out the effects of growth hormone deficiency on muscle strength in our patient. We could rule out other influencing factors as BMI, hydrocortisone replacement therapy, thyroid function, vitamin D levels, PTH and (with low level evidence) growth hormone replacement. Strength of the study includes the high number of patients and a long follow-up in the RemissionCS group of 13 years.
